A carbazole (Cz)-based homopolymer and three copolymers based on Cz and indole-6-carboxylic acid (CIn) are electrodeposited on an indium tin oxide electrode. The electrochromic polymers are characterized using cyclic voltammetry and scanning electron microscopy. Four electrochromic devices (ECDs) are fabricated using the four Cz-and CIn-based polymers as the electrochromic materials of the coloring electrodes, poly(3,4-(2,2-dimethylpropylenedioxy)thiophene) (PProDOT-Me 2 ) as the electrochromic material of the complementary electrodes, and hybrid polymer electrolytes as the gel electrolytes. The ECD with anodic copolymer P(Cz4-co-CIn1) with a Cz/CIn feed molar ratio of 4/1 has the highest contrast (32%) and coloring efficiency (372.7 cm 2 · C −1 ) at 575 nm. In addition, this ECD has satisfactory optical memory and redox stability.
Conjugated polymers and oligomers have attracted attention due to their interesting optical and electrochemical properties, and their potential application in field-effect transistors, 1,2 light-emitting diodes, [3] [4] [5] solar cells, 6, 7 sensors, [8] [9] [10] catalysis, [11] [12] [13] and electrochromic devices (ECDs). [14] [15] [16] Conducting polymers are the most commonly used electrochromic materials due to their relatively easy and lowcost production, good mechanical properties, short response time, high optical contrast, high coloration efficiency, high ultraviolet (UV) stability, independence of angle of vision, and ability to control electronic properties over structural modifications. 17 The most commonly studied conducting polymers are polyaniline, 18, 19 polypyrrole, 20 polythiophene, 20 polyindole, and their derivatives. Polyindole has attracted significant attention due to its low toxicity, environmental stability, and various applications in electrocatalysis, 21 active materials for batteries, 22 and anticorrosion coatings. 23 Polyindole derivatives such as poly(5-nitroindole), 24 poly(5-methylindole), 25 poly(5-methoxyindole), 26 poly(5fluoroindole), 27 poly(5-cyanoindole), 28 and poly(5-carboxyindole) 29 have attracted significant interest due to promising improvements in various properties. Among them, poly(5-carboxyindole) has an additional interesting property of pH-dependent self-doping. Moreover, carbazole (Cz)-based polymers have been widely used for various optoelectronic devices owing to their excellent hole transporting ability, good thermal stability, and ease of formation of relatively stable radical cations. 30 Cz provides a very efficient matrix that allows current carrier transport and ease of formation of relatively stable radical cations (polarons), and thus Cz-containing polymers can be used in ECDs. 3,4-ethylenedioxythiophene (EDOT) and its derivative 3,3-dimethyl-3,4-dihydro-thieno[3,4-b] [1, 4] dioxepine (ProDOT-Me 2 ) have been extensively investigated as structural units in electrochromic polymers due to their high stability, low oxidation potential, and electron-rich dioxy group. The low band gaps of PEDOT and ProDOT-Me 2 allow the polymer to be almost transparent in the doped state and blue in the neutral state. 31, 32 There have been few reports of ECD anodic polymers based on polyindole and its copolymers. Moreover, indole-6-carboxylic acid (CIn) is an important indole derivative because its electron withdrawing carboxylic acid group can decrease the bandgap of polymers (or copolymers), which is beneficial in electrochromic applications. In the present work, a homopolymer polycarbazole (PCz) and three copolymers based on Cz and CIn units were electrochemically polymerized to investigate their potential applications as electrochromic materials. Unlike with chemical routes, electrochemical polymerization can obtain conjugated polymer films on conductive substrates directly. This z E-mail: wuty@yuntech.edu.tw not only enlarges the scope of candidate polymers, but also omits the procedure of film coating. 33 With various Cz/CIn feeding ratios, the prepared copolymers exhibited various electrochromic properties. The spectroelectrochemistry, electrochromic switching, coloration efficiency, and stability of the dual-type ECDs based on P(Cz-co-CIn) and PProDOT-Me 2 were studied. Electrochromic copolymers with high contrast, satisfactory optical memory, and good redox stability are desirable for ECDs.
Experimental
Materials.-All chemicals were purchased from Acros, Alfa-Aesar, Sigma-Aldrich, or TCI and used as received. 3,3-Dimethyl-3,4dihydro-thieno[3,4-b] [1, 4] dioxepine (ProDOT-Me 2 ) was prepared following previously published procedures. 34 Electrosynthesis of PCz, P(Cz-co-CIn), and PProDOT-Me 2 films.-Before each experiment, indium tin oxide (ITO) substrates were cleaned in an ultrasonic bath using detergent, deionized water, and isopropanol, and then dried with a dry nitrogen flow, followed by UV-O 3 treatment for 30 min. Before electrochemical studies, all solutions were degassed with N 2 . The electrochemical polymerization of PCz in a mixture of 32 mL of boron trifluoride diethyl etherate (BFEE), 8 mL of ethyl ether (EE), and 20 mM carbazole was carried out by potentiodynamically scanning the potential between −0.2 and 1.2 V (vs. Ag/AgCl electrode) for 4 cycles. The electrochemically deposited PCz film was rinsed with double-distilled water for 5 min and then dried at 120 • C for 3 min. In similar conditions, the electrochemical polymerization of P(Cz4-co-CIn1), P(Cz3-co-CIn2), and P(Cz2-co-CIn3) was carried out in mixture solutions with various feeding ratios of Cz and CIn. The feed molar ratios (Cz/CIn) of P(Cz4-co-CIn1), P(Cz3-co-CIn2), and P(Cz2-co-CIn3) were 80/20, 60/40, and 40/60, respectively, as summarized in Table I .
The PProDOT-Me 2 polymer film was deposited from a 0.002 M monomer in a 0.1 M LiClO 4 /acetonitrile (ACN) solution. Electrochemical deposition was carried out potentiostatically at 1.8 V (vs. Ag/AgCl electrode) for 50 s.
Electrochemistry and spectroelectrochemistry.-Electrochemical studies were performed with an CHI627D electrochemical analyzer (U.S.A.). All experiments were carried out in a three-component cell. An Ag/AgCl electrode, a platinum wire, and an ITO-coated glass plate (area: 1 cm × 1.5 cm) were used as the reference, counter, and working electrodes, respectively. A Luggin capillary, whose tip was set at a distance of 1-2 mm from the surface of the working electrode, was used to minimize errors due to iR drop in the electrolytes. All samples were vacuum-dried overnight prior to measurement. Spectroelectrochemical studies were performed with an Agilent Cary 60 UV-Visible spectrophotometer in time course mode to record the in situ UV-Visible spectra. UV-Visible spectroelectrochemical experiments were done in a quartz cuvette with a 1-cm path length assembled as an electrochemical cell with an optically transparent working electrode, a platinum wire as the counter electrode, and an Ag/AgCl electrode as the reference electrode.
Preparation of gel electrolyte.-The gel electrolyte of the ECDs was prepared using the solvent casting method. After LiClO 4 was dissolved in acetone, poly(methyl methacrylate) (PMMA) was added into the solution. To dissolve PMMA, vigorous stirring and heating were required. Propylene carbonate (PC), as the plasticizer, was introduced to the reaction medium when all of the PMMA had been completely dissolved. The mixture was stirred and heated until a highly conducting transparent gel was produced. The gel electrolyte was prepared using PMMA:PC:LiClO 4 in a weight ratio of 33:53:14.
Construction of electrochromic devices.-The ECDs were constructed using two complementary polymers, namely PCz, P(Cz4-co-CIn1), P(Cz3-co-CIn2), or P(Cz2-co-CIn3)) as the anodic material and PProDOT-Me 2 as the cathodic material. Both P(Cz4-co-CIn1) and PProDOT-Me 2 films were electrodeposited on two ITO glass substrates (active area: 1 cm × 1.5 cm), respectively. The ECDs were built by arranging the two polymer films (one oxidized, the other reduced) to face each other, separated by a gel electrolyte. The configuration of the ECDs is shown in Fig. 1b . A homopolymer (PCz) and a copolymer (P(Cz4-co-CIn1)) were utilized as the anodically coloring material in a single-layer device to study the spectroelectrochemistry of PCz and P(Cz4-co-CIn1) films. The configuration of the single-layer device is depicted in Fig. 1a .
Results and Discussion
Electrochemical polymerization.-The electropolymerization process of the homopolymer (PCz) and copolymer (P(Cz4-co-CIn1)) was evaluated using cyclic voltammetry (CV) curves. The electrochemical polymerization route of copolymer P(Cz4-co-CIn1) is shown in Fig. 2 . The successive cyclic voltammograms of 20 mM neat Cz and a mixture of 16 mM Cz and 4 mM CIn taken in 32 mL of BFEE and 8 mL of EE at a potential scanning rate of 50 mV s −1 are shown in Figs. 3a and 3b , respectively. The increase in the oxidation and reduction curves wave currents indicates that the amount of polymer on the ITO electrode was increasing. In Fig. 3a , the oxidation peak at around 0.65 V (vs. Ag/AgCl electrode) is attributed to the formation of the radical cation in the Cz amine group. The reduction peak at + 0.27 V (vs. Ag/AgCl electrode) indicates that the bleached state, the ECD shows a permanent memory effect since there is almost no transmittance change under the applied potential or open circuit conditions. In the colored state, the ECD is less stable than in the bleached state, with a slight loss in transmittance. Application of current pulses to freshen the fully colored states can be used to overcome this issue.
Stability of ECD.-The stability of an ECD for long-term switching between oxidized and neutral states is important for practical applications. The P(Cz4-co-CIn1)/(PProDOT-Me 2 ) device was tested by CV with the applied potential between −0.5 and 1.2 V with 500 mV · s −1 to evaluate the stability of the device (Fig. 14) . The shape of the CV plots represents the charge capacity of the ECD. 48, 49 From the observation of the ability to switch between oxidized and reduced states of the ECD, 97.7% and 96.3% of its electroactivity are retained after 500 and 1000 cycles, respectively. This ECD showed better long-term stability compared that for the poly(4,4di(N-carbazolyl)biphenyl)/PEDOT device, 44 making it a good candidate for electrochromic applications. 
Conclusions
Four ECD anodic polymers, namely PCz, P(Cz4-co-CIn1), P(Cz3co-CIn2), and P(Cz2-co-CIn3), were synthesized via electrochemical polymerization. The polymer films were found to show well-defined and reversible redox processes accompanied by electrochromic changes, which makes them candidates for electrochromic material applications. Four electrochromic devices based on PCz, P(Cz4-co-CIn1), P(Cz3-co-CIn2), and P(Cz2-co-CIn3) as anodic polymers and PProDOT-Me 2 as the cathodic polymer were constructed and characterized. The electrochromic properties of dual-type ECDs were investigated in terms of spectroelectrochemistry, switching, and stability. According to the spectroelectrochemical analyses, the color of the constructed device switched between blue and purple upon the application of potential between −0.5 and +3.0 V. Electrochromic switching studies showed that the T values of ECDs (b), (c), and (d) were larger than that of ECD (a), demonstrating that the incorporation of copolymers P(Cz4-co-CIn1), P(Cz3-co-CIn2), and P(Cz2-co-CIn3) as anodic polymers leads to higher T than that of the PCz-based ECD. ECD (b), employing anodic copolymer P(Cz4-co-CIn1) with a Cz/CIn = 4/1 feed molar ratio, showed the highest coloration efficiency (372.7 cm 2 · C −1 at 575 nm). The results show that the four Cz-and CIn-based anodic polymers are promising candidates for electrochromic applications.
